We report a novel light management approach based on solution-processed nanowire (NW) coating for enhancing organic solar cell efficiency. A titanium dioxide (TiO 2 ) NW dispersion was produced by electrospinning. The coatings with various coverage fractions were fabricated by a simple solution casting of a TiO 2 NW dispersion. Reduced reflectivity was observed for the NWcoated glass slide. The bulk-heterojunction organic solar cells with the NW coating showed improved power conversion efficiencies (PCEs) due to their antireflection and light trapping effects in the active layer. In addition, the PCE of the cell with the NW coating was improved compared with that without the NW coating for incident angles above 70
Introduction
Organic solar cells, which can be fabricated by simple processing techniques, are being intensely studied because of their potential to enable the mass production of flexible and low-cost devices [1, 2] . Most of the attention has been focused on solution-processed polymer bulk-heterojunction (BHJ) solar cells [3, 4] . A combination of polymer design, morphology control, structural insight, and device engineering has led to power conversion efficiencies (PCEs) reaching the 6-8% range for conjugated polymer/fullerene blends [5, 6] . However, the BHJ morphology, a bicontinuous, nanoscaled, phase-separated donor and acceptor components of organic solar cells, has an intrinsic conflict between the optical and the electronic length scales: the BHJ layer of a few hundred nm can achieve complete light absorption, but the exciton-diffusion length is only around 20 nm [7, 8] . To resolve this conflict, versatile and scalable light management techniques are strongly required for reduction of the BHJ film thickness with low-loss optical absorption [9, 10] . Here we report a novel light management approach based on a solution-processed nanowire (NW) coating for enhancing organic solar cell efficiency.
For light management, in particular for antireflection coatings or light trapping in the BHJ layer, nanostructures play a crucial role [7] [8] [9] . However, versatile and scalable fabrication methods of nanostructures are limited. A number of approaches have been actively explored to synthesize onedimensional (1-D) nanomaterials [11] . Electrospinning has also been explored as a fast and efficient top-down process for fabricating continuous (1-D) nanomaterials composed of polymers, ceramics, carbon, and metals [12] [13] [14] . Electrospun nanofibers (NFs) are very promising as optical materials because of their strong light-scattering properties. Our previous studies showed optical applications of the electrospun NFs, such as the coloring of NF-based coatings due to the thin-film interference [15] and light-scattering assisted surface plasmon resonance at an electrospun NFcoated gold surface [16] . Herein, we used titanium dioxide (TiO 2 ) as the material of the nanostructures because of its high-refractive index, good transparency, good processability (applicable to solution processes through a sol-gel reaction), and low cost [10] . In addition, we used TiO 2 NWs instead of continuous TiO 2 NFs, because the NW enables more precise control of the coverage fraction of the nanostructure coating than NF [17] . Several researchers have reported the introduction of TiO 2 NWs or NFs as a 1-D semiconductor for the active layer of organic solar cells [17, 18] . However, solution-processed top surface coatings of solar cells using high-refractive-index NWs for light management have not 2 Journal of Nanotechnology been reported [19] . We report a novel light management approach based on solution-processed NW coating without morphological control of the active layer, which are simple, versatile, and easy scalable.
In the present study, we prepared a TiO 2 NW dispersion by electrospinning of a sol-gel precursor solution, titanium tetraisopropoxide/ethanol solutions containing acetic acid (catalyst) and poly(vinylpyrrolidone) (electrospinnable carrier polymer), and successive calcination and ultrasonication; the NW coating was then fabricated by a solution casting of the NW dispersion. The purposes of the present study are (i) to prepare NW coatings with various coverage fractions by a simple solution casting, and (ii) to investigate the effect of the NW coating on the performance of BHJ organic solar cells. 2 NWs, titanium tetraisopropoxide (TiP, 97% purity, Kanto Chemical), poly (vinylpyrrolidone) (PVP, Mw = 1,300,000, Sigma-Aldrich), acetic acid (HOAc, 99.9% purity, Wako), and dehydrated ethanol (EtOH, 99.9% purity, Kanto Chemical) were used as received. Materials for BHJ organic solar cells, poly(3-hexylthiophene) (P3HT, Mw = 54,000-75,000, electronic grade 99.995% purity, Sigma-Aldrich), [6, 6] -phenyl-C61-butyric acid methyl ester (PCBM, electronic grade 99.9% purity, Sigma-Aldrich), and poly(3,4-ethylenedioxythiophene): poly(styrene sulfonate) (PEDOT: PSS, Clevious P VP. AI4083, H. C. Starck) were also used as received. 2 Nanowires. PVP was dissolved in EtOH to give a 5% solution and stirred for 3 to 4 hours. The PVP, TiP, HOAc, and EtOH were mixed at the ratio of TiP/PVP/EtOH/HOAc = 26/2.2/41.8/30 (in weight) and stirred for a half an hour to give a sol-gel precursor solution. The solution was prepared in a glove bag filled with nitrogen gas in order to prevent rapid sol-gel reaction before spinning. The electrospinning device was the same as that used in a previous study [20] . An aluminum plate (4 × 4 cm 2 area) was used as the counter electrode. Electrospinning was conducted at room temperature and relative humidity (RH) lower than 30%. The applied voltage was 6 kV. The distance between the nozzle and collector was fixed at 80 mm. The flow rate of precursor solution was 5 μL/min. The spun fibers were collected on the counter electrode to form a free-standing fabric of about 10-μm thickness. The asspun fabrics were kept under atmospheric conditions at room temperature for a couple of hours (for completion of hydrolysis of TiP in the fabrics) and then dried in vacuum for 3 to 4 hours. The dried fabrics were calcined at 500
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• C in a furnace (KDF-S70, Denken) for 1 hour to remove PVP and crystallize TiO 2 NFs. X-ray diffraction (XRD) pattern of the prepared fibers shows that all peaks can be indexed to highly crystalline anatase phase TiO 2 ( Figure S1 TiO 2 NF fabrics of several hundred μg were immersed in IPA at 0.02 wt% (w/w) with 1 wt% acetylacetone as the dispersion agent and then ultrasonicated for 4 hours to break the NFs into NWs. The obtained NW dispersion was cast on a thin glass slide (0.12 μm-thick) treated with UV-ozone. The casting was repeated until the coverage fraction of NWs achieved the required value.
Fabrication of BHJ Organic Solar
Cells. BHJ organic solar cells, which were composed of an indium tin oxide (ITO)-coated glass substrate/PEDOT:PSS/P3HT:PCBM/LiF/Al electrode, were fabricated as follows. The ITO-coated glass substrate was thoroughly cleaned by ultrasonication in detergent, ultrapure water, and IPA, followed by cleaning with a wiping cloth containing a detergent. After complete drying, the ITO-coated glass was treated with UV-ozone. A PEDOT : PSS aqueous solution was spin-coated on the ITO-coated layer to form a film of 30-nm thickness. The coated substrate was then dried for 30 min at 200
• C in air. 2.5 wt% P3HT : PC60BM (3 : 2)/chlorobenzene solution was spin-coated on top of the PEDOT/PSS at 3,000 rpm for 45 sec. The cell was then annealed at 130
• C for 10 min in air. LiF (0.7 nm in thickness) and Al (100 nm in thickness) were treated by deposition with thermal evaporation under vacuum at about 1 × 10 −6 Torr.
Characterization.
The surface morphologies of the prepared nanostructures were observed using a scanning electron microscope (SEM, JCM-5700, JEOL) operated at 10 kV. All samples were coated with platinum. The XRD patterns of the samples were recorded on a scanning X-ray microdiffractometer (D8 Discover μHR, Bruker AXS). The UV-visible reflection spectra of the prepared coating were measured using an integrating sphere, a monochromator (USB4000, Ocean Optics), and a white light from a halogen lamp (LS-1LL, Ocean Optics). A beam of the white light was incident on the sample surface placed at the entrance of the integrating sphere. The diameter of the incident beam was 3 mm on the sample surface and the angle of incidence, θ, was 8
• . Reflected light from the sample surface was collected by the integrating sphere and sent to a monochromator by the optical fiber from the integrating sphere. As a reference for the measurement, a thin glass slide without the coating was used.
The current density-voltage (J-V) characteristics of the cells were measured using a Keithley 2400 source measure unit. Solar cell performance employed an air mass 1.5 global (AM 1.5G) solar simulator (OTENTO-SUN III, BunkohKeiki) with an irradiation intensity of 100 mWcm −2 .
Journal of Nanotechnology The TiO 2 -NW-coated glass slide was attached onto the surface of the aperture area of the solar cell using an optical matching liquid (n D = 1.5150). To characterize the incident angle dependency of the J-V characteristics, the cell with the coated glass slide was tilted under illumination of AM 1.5G using a rotational stage. During the tilting of the cell, a He-Ne laser was irradiated on the cell surface to insure that the cell position remained at the rotation center. External quantum efficiency (EQE) spectra were measured with a MTE-1500 (Bunkoh-Keiki) including a Xe source, a monochromater, an optical chopper and a lock-in amplifier, and a silicon photodiode for monochromatic power-density calibration. by image analysis of the optical micrograph ( Figure S2a-c) .
Results and Discussion
Preparation of TiO
It was found that φ increased linearly with an increase in the number of castings ( Figure S2d ). However, with an increase in the number of castings, the number of the overlapping or agglomerates of NWs was also increased in the coatings ( Figure S1a-c) . Figure 3 displays typical reflection spectra of the glass slide with NW coatings of φ = 0.33 and 0.57 compared with that of the glass slide without the NW coatings. The coating of φ = 0.33 showed an antireflective (AR) effect: lower reflectivity (<1) at a wavelength of λ > 560 nm. This indicates that the effective refractive index of the coating, n c , is an intermediate value between that at atmosphere (n = 1) and that of the glass slide (n = 1.513) under an effective medium approximation [10] , and the coating functions as a single layer AR coating in this wavelength region. The higher reflectivity (>1.0) at the wavelength of λ < 560 nm is ascribed to the fact that the optical thickness, n c d, of the coating is larger than a quarter of the wavelength (∼137.5 nm): the sizes of the NWs (D = 137 nm) deviate from the general criteria for AR coatings, 4 n c d = λ 0 in this wavelength region [10] . On the other hand, the coating of φ = 0.57 showed a higher reflectivity over the entire visible wavelength region. This indicates that the AR effect of the coatings would be reduced by formation of many of the overlapped NWs as observed in Figure S2c . We selected the AR coatings of φ < 0.4 for application to BHJ organic solar cells. the short circuit current (J sc ) from 7.90 to 8.00 mA/cm 2 , and the PCE obtained from the relation of
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× 100 (1) was increased from 2.67 to 2.70%. The performances of BHJ organic solar cells with and without the TiO 2 NW coating are summarized in Table 1 . For all the coatings, the current density J sc , which is proportional to the power density of light [21] , was improved. This clearly shows the enhancement effect of light intensity in the active layer due to the TiO 2 NW coating. On the other hand, the decrease in PCE for φ = 0.35 is due to a decrease in the AR effect with an increase in φ as discussed earlier.
To investigate the substantial PCE enhancement by the TiO 2 NW coatings in detail, we performed EQE measurements of the BHJ organic solar cells. In Figure 5 (a), the NW coating slightly changed the spectrum. Figure 5 (b) shows the change in the EQEs in the presence and absence of the NW coating. The peaks found at 390 nm and 600 nm indicate that the photovoltaic effect is improved at certain wavelengths. To confirm the light absorption enhancement, the reflection absorption spectra were measured for the Al electrode/P3HT : PCBM spin-coated film on quartz with and without the NW coating (a model of the active layer of the BHJ solar cell) (Figure 6(a) ). The change in reflection absorption is shown in Figure 6 (b). This figure shows that light absorption is enhanced around at 390 nm, 600 nm, and over 650 nm. The peaks in the wavelength region of λ ≤ 600 nm agreed well with the changes in the EQE ( Figure 5(b) ) These results support the belief that the coatings enhanced light absorption in the active layer. In addition, the peak around 390 nm clearly shows that the improvement of the photovoltaic characteristics of the BHJ organic solar cell is influenced not only by the AR effect but also by light scattering of the TiO 2 NW coating. Because the AR effect is observed only in the wavelength region of λ > 560 nm (see Figure 3) , the improvement in EQE around 390 nm is due to the haze transmission of incident light and light trapping into the active layer due to the light scattering characteristics of TiO 2 NWs [9] . A small decrease in the 420-520 nm range is due to the reflection of the coatings as also observed in Figure 3 . Unfortunately, the large AR effect in the wavelength region of λ > 650 nm is not substantial for the P3HT : PCBM BHJ organic solar cell. This coating would be more substantial for photovoltaics of BHJ organic solar cells using low-band gap polymers [22] . Another advantage of the TiO 2 NW coating is the anti-glare (AG) effect observed in the dependence of light collection characteristics on the angle of incidence (θ). As shown in Figure 7 , the PCE of the cells with and without the NW coating decreased with an increase in θ at θ ≥ 70
• . This agreed well with the theoretical predication for incident angle dependency of the number of photons absorbed in the active layer, reported by Dennler et al., and this is also due to the Fresnel reflection at air/glass interface that results in a decrease in the light power density trapped into the active layer [23] . The maximum values of both PCEs around θ = 60
• may arise from perfect transmission of the TM mode at the Brewster angle of the air/glass interface [23] . For the incident-angle dependence, the PCE of the cell with the NW coating of φ = 0.21 was improved compared with that without the NW coating at θ ≥ 70
• . The maximum improvement rate in PCE is 51.6% at θ = 85
• . Thus, we concluded that the substantial PCE enhancement by the TiO 2 NW coatings is due to improvement in the light absorption in the active layer based on AR and the light trapping mechanisms.
Conclusions
We have prepared TiO 2 NW coatings with various coverage fractions by a simple solution casting on a glass substrate of the BHJ organic solar cell. The BHJ organic solar cells with the NW coating showed the improved PCEs due to their AR and light trapping effects in the active layer. In addition, the incident-angle dependence of PCE was also improved by the AG effect of the NW coating. This versatile and scalable light management approach is compatible with solutionprocessed organic devices, including OPV solar cells. At present, we have not accomplished the optimization of light management of the BHJ organic solar cells through our solution-processed NW coating approach. We conclude that the performance of BHJ organic solar cells will be improved by optimization of some parameters (e.g., refractive index and transparency of the NWs, size distribution control of the NWs, and dispersion control of the NWs). Further studies are now in progress and the results will be reported.
